Thermotolerance is a polygenic trait that contributes to cell survival and growth under unusually high temperatures. Although some genes associated with high-temperature growth (Htg þ ) have been identified, how cells accumulate mutations to achieve prolonged thermotolerance is still mysterious. Here, we conducted experimental evolution of a Saccharomyces cerevisiae laboratory strain with stepwise temperature increases for it to grow at 42 C. Whole genome resequencing of 14 evolved strains and the parental strain revealed a total of 153 mutations in the evolved strains, including single nucleotide variants, small INDELs, and segmental duplication/deletion events. Some mutations persisted from an intermediate temperature to 42 C, so they might be Htg þ mutations. Functional categorization of mutations revealed enrichment of exonic mutations in the SWI/SNF complex and F-type ATPase, pointing to their involvement in high-temperature tolerance. In addition, multiple mutations were found in a general stress-associated signal transduction network consisting of Hog1 mediated pathway, RAS-cAMP pathway, and Rho1-Pkc1 mediated cell wall integrity pathway, implying that cells can achieve Htg þ partly through modifying existing stress regulatory mechanisms. Using pooled segregant analysis of five Htg þ phenotypeorientated pools, we inferred causative mutations for growth at 42 C and identified those mutations with stronger impacts on the phenotype. Finally, we experimentally validated a number of the candidate Htg þ mutations. This study increased our understanding of the genetic basis of yeast tolerance to high temperature.
Introduction
A heat stress can be acute or prolonged, and an organism's responses to the two types of stress are different. A shortterm heat stress can cause protein misfolding, increased oxidative stress, and elevated instability of cell integrity (Verghese et al. 2012) . To cope with a short-term heat stress, cells may undergo a series of responses, which are known as heat shock responses (HSR), including repression of protein biosynthesis, expression of heat shock proteins, production of compatible solutes, reconstruction of the cell wall, and temporary interruption of the cell cycle (Verghese et al. 2012) . In contrast, prolonged thermotolerance, also called "high-temperature growth (Htg þ ) phenotype," is defined as the cells' capability to survive and grow under high temperature. Single nucleotide polymorphisms (SNPs) discovered from clinically isolated thermotolerant Saccharomyces cerevisiae strains have been found to be associated with Htg þ (Steinmetz et al. 2002; Sinha et al. 2006) . Unlike the effects of HSR that usually affect genes at the expression level, the Htg þ phenotype is heritable. The genetic changes that build up Htg þ are still not well understood. Moreover, the technical limitations of quantitative trait loci mapping due to confounding effects or/and epistasis make it increasingly more difficult to identify novel quantitative trait genes (QTGs) using existing approaches (Sinha et al. 2008; Yang et al. 2013) .
Prolonged thermotolerance is of interest in several research fields. First, how a species responds to an environmental heat stress is a key issue to understand how living organisms may be affected by global warming (Hoffmann and Sgro 2011) . Second, the capability to grow at high temperatures is often associated with the pathogenicity of opportunistic pathogenic yeasts (Medoff et al. 1986; Clemons et al. 1994; McCusker et al. 1994b) . Finally, thermotolerant microorganisms may be useful for industrial applications, such as a high-temperature growth yeast for bioethanol production (Mienda and Shamsir 2013) . Therefore, it is of great interest to understand the genetic basis of thermotolerance.
With the advances in sequencing technology, using the "evolution and resequencing" strategy to look for mutations of novel QTGs has become feasible (Long et al. 2015) . Environmentally controlled yeast populations accumulate mutations through directed adaptation, which may allow us to identify novel relationships between genotype and phenotype (Fay 2013) . In fact, this approach has been used to search for thermotolerance-associated genes. A successful case was the finding that some mutations in the ERG3 gene, which is involved in steroid synthesis in yeast, altered cell integrity to increase thermotolerance (Caspeta et al. 2014 ). In addition, 30 mutations were identified in 18 genes, including 5 genes related to DNA repair and replication, 4 genes related to ATP synthesis or respiratory growth, and 2 genes related to ergosterol and sphingolipid metabolism. However, heat stress, as one of the general stresses, involves a wide spectrum of cellular regulatory pathways. Several critical mechanisms, such as detoxification of misfolded proteins or regulation of general stress responsive genes, were not observed. Caspeta et al. (2014) used a onestep temperature jump from 30 to 39.5 C, which was followed by 300 generations in order to accumulate critical mutations during adaptation. It is possible that many Htg þ -associated genes remained unchanged under this experimental procedure. Indeed, an extended lab evolutionary study of E. coli cultivated for an additional 2,000 generations in an unchanged heat condition could only add 3% to the thermotolerant phenotype (Lenski et al. 1991; Bennett and Lenski 1996) .
To identify more Htg þ genes, we tried a new strategy of stepwise temperature increments to evolve S. cerevisiae cells. Our study was conducted as follows. First, we evolved a common yeast lab strain BY4741 to adapt to 42 C by multistep temperature increments. Second, we sequenced the evolved clones isolated from intermediate and terminal populations to identify mutations accumulated during evolution, including single nucleotide variants (SNVs), small INDELs, and segmental deletion/duplication events (copy number variation, CNV). Third, we identified protein complexes and signaling pathways that might have been involved in the Htg þ phenotype development through functional categorization of the SNVs. Fourth, applying pooled segregant analysis (PSA) to five segregant pools of colonies that survived up to different high temperatures, we identified causative mutations including SNVs and CNVs for the Htg þ phenotype. Finally, we conducted experimental validation of some mutations. The mutations discovered in this study provide a better understanding of the molecular basis behind the Htg þ phenotype. These findings would also be useful for host engineering in industrial applications such as biofuel production.
Results
Stepwise Thermo-Adaptive Evolution
The laboratory strain S. cerevisiae BY4741 (denoted as strain P) was chosen as the parental strain for thermo-adaptive evolution (see Materials and Methods). As several clinical isolates could grow up to 42 C (McCusker et al. 1994a ), we aimed to evolve the yeast cells to be able to grow at 42 C. Instead of a single temperature (one-step) jump, however, the culturing temperature was increased from 37 to 42 C in seven steps (from 37 to 38, 39, 40, 40.5, 41, 41.5 , and finally to 42 C). Initially, nine yeast population replicates were set up to evolve into nine lineages independently (supplementary fig. S1 , Supplementary Material online). After one year of cultivation, lineages B and F successfully evolved to 42 C ( fig. 1a ), but the others were terminated at $40 C because of contamination, mating type uncertainty, or/ and extremely slow growth (supplementary fig. S1 , Supplementary Material online). To enlarge the number of populations, we split lineages B and F into triplicates at 41 and 40 C, respectively ( fig. 1a) . At the end of the evolution, we obtained six terminal populations, each with 340 transfer cycles conducted ($1,845 6 46 generations, calculated by doubling of optical density).
To characterize the evolved yeast lineages, single colonies were isolated from each of the six terminal populations and denoted as E42Ba, E42Bb, E42Bc, E42Fa, E42Fb, and E42Fc. The six evolved strains showed significant improvement in Htg þ compared with the parental strain P at 40 C, and even grew significantly better than the clinical thermotolerant strain YJM145 and its haploid descendent YJM789 at 42 C ( fig. 1b) . Next, in order to examine whether the evolved Htg þ phenotype was polygenic, we conducted growth analysis for the segregants of the backcrossed hybrids generated from crossing the final evolved strains to strain P. The backcross hybrids of P Â E42Ba, P Â E42Bb, and P Â E42Bc were successfully isolated. However, none of the backcross hybrids of P Â E42Fa, P Â E42Fb, and P Â E42Fc was successfully created, probably due to a defect in a mating signaling associated gene in lineage F (see later). The backcross hybrid HY42Bc (P Â E42Bc) displayed an intermediate fig. S2 , Supplementary Material online). These data indicated that multiple, likely including both dominant and recessive, mutations were involved in the observed Htg þ in the evolved strains.
Various Types of Mutations Found in the Evolved Strains
We carried out whole-genome sequencing of the six terminal clones (E42Ba, E42Bb, E42Bc, E42Fa, E42Fb, and E42Fc) isolated at 42 C, eight intermediate clones (E38B, E38F, E40B, E40F, E41B, E41Fa, E41Fb, and E41Fc) isolated from the populations at 38, 40, or 41 C, and also strain P ( fig. 1a) . The sequence reads were mapped to the S. cerevisiae reference genome (sacCer3) using two aligner software programs BWA Huang et al. . doi:10.1093/molbev/msy077 MBE (Li and Durbin 2009) and Bowtie2 (Langmead and Salzberg 2012) , and both showed an average mappable rate of 99.8% and a genome coverage of 99.6% (supplementary table S1, Supplementary Material online).
A total of 141 consensus mutations (123 SNVs and 18 short INDELs) were discovered by BWA and Bowtie2 in combination with variant calling by samtools (see Supplementary Material online). By using the gene annotation tool ANNOVAR (Wang, Li, et al. 2010) , the 141 mutations were classified into 102 exonic mutations, 38 noncoding mutations, and 1 tRNA gene mutation. The identified SNVs and INDELs, the strain of occurrence, and the allele frequency of each altered nucleotide are listed in the Supplementary Material online. Among the 102 exonic mutations, 88 caused amino acid changes in a total of 79 genes ( fig. 2a and b) , including 11 frame-shift INDELs, and 77 SNVs consisting of 63 nonsynonymous mutations and 14 nonsense mutations (see Supplementary Material online). In addition, there were 14 synonymous mutations. We looked into the distribution of the 123 SNVs across the genome but found no obvious mutation hotspot, except possibly 7 SNVs in 4 genes within a 28-kb region on the right arm of Chr XII (supplementary fig. S3 , Supplementary Material online).
Mutation Rate and Positive Selection for HighTemperature Tolerance
We estimated the whole genome mutation rate using the 14 synonymous mutations. As there were a total of 1,950,250 synonymous sites in the yeast genome and as a total of $5,577 cell divisions were estimated to have occurred, the mutation rate was estimated as $14/1,950,250/ 5,577 ¼ 1.29Â10
À9 mutations per synonymous sites per genome replication (supplementary table S2 , Supplementary Material online). This rate is 3.3-4.6 times as high as the spontaneous mutation rate at the URA3 gene measured by Drake (1991) and Lang and Murray (2008) , respectively, and 3.9 times as high as the genome-wide single nucleotide mutation rate estimated by Lynch et al. (Lynch et al. 2008) under the nonstressed condition. The nonsynonymous mutation rate ($63/6,886,500/5,577 ¼ 1.64Â10
À9
) was slightly but not significantly higher than the synonymous mutation rate (Fisher's exact test, p ¼ 0.4924). The slightly higher rate might be due to selection for nonsynonymous mutations at high temperatures (see below).
To see whether there was positive selection for nonsynonymous changes in the evolving populations, we calculated the Ka (the number of nonsynonymous substitutions per nonsynonymous site per unit time) and Ks (the number of synonymous substitutions per synonymous site per unit time) ratio, using the method of Li (1993) and Pamilo and Bianchi (1993) implemented in the KaKs calculator program ) (table 1). The results showed that the Ka/Ks ratio of the 77 exonic substitutions was >1 but not statistically significant (Ka/Ks ¼ 1.48, p ¼ 0.217). However, if the 77 exonic SNVs were divided into two groups, that is, a 38-40 C group and a 41-42 C group, the Ka/Ks ratio for the 41-42 C group was significantly >1 (Ka/Ks ¼ 2.13, p¼ 0.029) (table 1). Thus, there was apparently positive selection for nonsynonymous changes at 41 C or higher.
Parallel Mutations in Independently Evolved Strains
Parallel evolution of a gene in different evolutionary lineages is useful for distinguishing functionally meaningful mutations from nonselected (passenger) mutations (Long et al. 2015) . However, the occurrence of parallel evolution is rare in nature.
In comparison, the occurrence of two or more mutations in a specific gene, protein complex, and regulatory pathway in A single parental strain, strain P, was used for experimental evolution through repeated subculturing. The yeast populations were incubated under the described temperatures and hours, and the cultures were refreshed by the described transferred cycles as indicated on the right panel of the figure. The incubation time of a subculture was empirically adjusted under the given temperature according to the growth condition. Darker ovals indicated the clones that were isolated for genomic resequencing. Lineages B and F were summarized here; the populations that were terminated earlier due to various problems were not included in the figure. (B) Growth analysis of the initial parental strain, the intermediate evolved strains E40B and E40F, the evolved terminal strains E42Ba, E42Bb, E42Bc, E42Fa, E42Fb, and E42Fc, and the clinical isolates YJM145 and YJM789 with 30, 40, and 42 C incubation for 2, 4, and 7 days, respectively.
Experimental Evolution of Yeast for High-Temperature Tolerance . doi:10.1093/molbev/msy077 MBE different lineages is common in microbial experimental evolution (Tenaillon et al. 2012; Spor et al. 2014) . We found that the frameshift mutation NTH1-116delC at a homopolymer track of six Cs evolved in all strains of both lineages B and F except E38F ( fig. 2 ). Although the deletion of a C can occur at any position within the track of six Cs, it would only generate one kind of product at the amino acid level-a frameshift mutation beginning at the last C. Thus, regardless of where the deletion occurred, the biological impacts were the same. The absence of the mutation in E38F may imply parallel mutations in the B and F lineages. However, we cannot exclude the possibility that the mutation was already present in the parental population and also in the population from which a single colony was selected to represent E38F, which did not contain the mutation. In this case the mutation would represent a mutation in the common ancestor. NTH1 encodes a trehalase, which is able to degrade the heat protecting solute trehalose (Zahringer et al. 1997) . Likely, trehalose accumulated in the NTH1-116delC mutant strain, leading to increased heat tolerance. The persistence of this mutation in both the B and F lineages strongly suggests that it contributed to the Htg þ phenotype. Indeed, our genetic analysis on this mutation revealed an improved Htg þ phenotype (see later). The nonsynonymous mutation NCS2-A212T (H71L), which was previously reported as a Htg þ causative quantitative trait nucleotide in the clinical isolate YJM421 (Sinha et al. 2008) , was present in all intermediate and terminal strains of lineage F ( fig. 2b ). Our genetic analysis on this mutation revealed an improved Htg þ phenotype in strain P background (see later).
The nonsynonymous mutation SNF1-C1418A (S473Y) was found in E40B and E42Fc. SNF1 encodes a protein kinase that regulates glucose-repressible genes in yeast (Celenza and Carlson 1984) , and participates in regulation of various stress responses including heat stress (Hahn and Thiele 2004) . The mutation in E40B was not found in any subsequent isolates of lineage B. This might imply that SNF1-C1418A did not have a selective advantage. However, it could be that the mutation was lost in the transfer of the population from which E40B was isolated to the next generation because only $1/50 to 1/80 of the individuals in a population were randomly chosen in a population transfer. Note that SNF1-C1418A should have increased its frequency (from a single copy) to a substantial level in order for it to have been selected in E40B and E42Fc, which both were derived from a single colony; that is, the probability would be only 0.01 if its frequency were 0.10 in both lineages. Note also that the probability to observe a nonsynonymous mutation in two independent lineages is almost 0 (see Discussion), but SNF1-C1418A was found in E40B and E42Fc. Thus, SNF1-C1418A is likely a Htg þ mutation.
Mutations in the Same Gene in Independently Evolved Strains
We found multiple mutations in eight genes (ATP2, CDC25, DAL81, ECM30, EST2, LRG1, STT4, and SWP82) and computed the probability for each case (supplementary Using the method of Li (1993) and Pamilo and Bianchi (1993) implanted in the KaKs calculator ). b The 77 SNVs were divided into two groups according to the temperature of their first emergence.
c One mutation (SNF1-C1418A) was counted twice for its independent occurrence in E40B and E42Fc.
Huang et al. . doi:10.1093/molbev/msy077 MBE of STT4, so some of these mutations might have contributed to the Htg þ phenotype. We consider the functional implications of some of these mutations below.
ATP2, the beta subunit of the F1 domain of the mitochondrial F1F0 ATPase, was mutated to ATP2-G1272T in E42Bb (and E42Bc), ATP2-G934T in E42Fc, and ATP2-G1099T in E41Fa (and E42Fa). Reduction of oxidative stress generated by ATPase might contribute to Htg þ . Mutations in ATPase subunits will be further discussed later.
For CDC25, CDC25-G1492T, and CDC25-A4039T were found in E42Bc and E42Ba, respectively. CDC25 encodes a membrane-bound guanine nucleotide exchange factor, which activates Ras1 and Ras2, the major components in the RAS-cAMP signaling pathway. This signaling pathway can be triggered by various environmental stresses and nutrient depletion. In a resequencing study of thermotolerant backcross segregant pools, SNPs in the genes of the RAScAMP signaling pathway, including CYR1, IRA1, IRA2, MDS3, BCY1, SOK1, and GPB1, were strongly suggested as hightemperature growth QTLs (Parts et al. 2011) . In particular, SNPs in IRA1 and IRA2, negative regulators of Ras, were confirmed as Htg þ phenotype contributors by reciprocal hemizygosity analysis. In addition, mutation IRA2-A6038T was found in E42Ba. These multiple mutations on a signaling pathway could be important for Htg þ (see Discussion). DAL81 encodes a positive regulator required for nitrogen catabolism (Bricmont et al. 1991 ) and we identified two nonsense mutations DAL81-C685T (Q229X) and DAL81-G1984T (E662X) in E42Fa and E40F strains, respectively. So far we have not found reports showing that Dal81 was related to heat stress. However, it was reported that nitrogen starvation increased cell viability and thermotolerance of stationary cells (Tesniere et al. 2013; Duc et al. 2017) . Although no direct evidence, perhaps thermotolerance can be enhanced by limited nitrogen utilization of the DAL81 mutation.
For ECM30, we found a frameshift mutation with an adenine insertion at position 1,638 in E41Fb (and E42Fb), and a nonsense mutation at 2,437 in E42Fc. The function of Ecm30 is unknown, but ecm30D has been reported to decrease the conversion ratios of mannose and glucose to GlcNAc in cell wall biosynthesis (Lussier et al. 1997) . Furthermore, point mutations on ECM30 have been reported to improve shortterm heat shock tolerance at 52 C, although not in longterm incubation at 37 C (de Jesus Ferreira et al. 2001 ). Therefore, the observed truncated form of Ecm30 might have contributed to the Htg þ phenotype. The truncated temperature sensitive allele of EST2, the core subunit of telomerase, has been shown to reduce yeast life span (Friedman et al. 2003) . However, the two EST2 mutations we observed were located near the end of the coding region (EST2-C2165G in E42Fb and a single base deletion at position 2639 in all of the strains in lineage F). Whether either or both mutations contributed to Htg þ is unclear. For LRG1, we found a single nucleotide insertion at position 1,403 in both E41Fb (and E42Fb) and E41Fc (and E42Fc), and a single nucleotide deletion at position 2,653 in E41Fa (and E42Fa). Lrg1 is a Rho1 specific GTPase-activating protein, which negatively regulates the Pkc1-mediated cell wall integrity signaling pathway and the biosynthesis of cell wall 1,3-beta-glucan (Lorberg et al. 2001; Watanabe et al. 2001; Fitch et al. 2004) .
The nonsynonomous mutations STT4-C1646T and STT4-C2351T were found in E42Fa and E42Ba, respectively (the probability for this case is 0.202, supplementary table S3, Supplementary Material online). STT4 encodes a phosphatidylinositol-4-kinase, which is an upstream regulator of the Rho1/Pkc1 signaling pathway to promote cell wall integrity (Levin 2005) . The Pkc1-mediated signaling was found upregulated in response to mild heat stress (Kamada et al. 1995) .
As for SWP82, it encodes a subunit of chromatin remodeling complex and will be described in the next section.
Mutations in Different Subunits of a Protein Complex
By using the DAVID Gene Functional Classification Tool (Huang da et al. 2009 ), a total of 74 nonsynonymous, nonsense mutations, or/and frame-shift INDELs in 67 genes in the terminal clones were categorized into seven gene groups (supplementary table S4, Supplementary Material online). Mutations not found in any terminal strains were excluded in this analysis. Interestingly, 11 genes were classified as subunits of 3 protein complexes: SWI/SNF chromatin remodeling complex, F-type ATPase, and telomeric CST complex (table 2) .
For the SWI/SNF chromatin remodeling complex, mutations were found in four subunit genes (1 in SNF5, 1 in SWI3, 2 in SWP82, and 1 in SWI1) in all of the six terminal clones, suggesting a contribution to the Htg þ phenotype in the evolved strains. The SWI/SNF complex has dual function in heat shock response either via activating the HSF1 downstream gene expression or by repressing ribosomal protein gene expression through modulating nucleosome positioning (Shivaswamy and Iyer 2008) . However, its role in Htg þ has not been addressed. In our genetic analysis, positive associations of SWI/SNF complex subunit mutations to Htg þ phenotype were found (see later). Experimental Evolution of Yeast for High-Temperature Tolerance . doi:10.1093/molbev/msy077 MBE For F-type ATPase, which was known to be involved in the mitochondrial ATP synthesis during oxidative respiration (Devenish et al. 2000) , four subunit genes (ATP2, ATP3, ATP5, and ATP7) were found mutated in all of the six terminal clones. Mutations in ATP2 and ATP3 have been reported previously in yeast evolved at high temperatures (Caspeta et al. 2014) . They presumed that thermotolerance arose when oxidative respiration was impaired, and reduced oxidative stress was likely due to a lower level of reactive oxygen species (ROS) generated.
Telomeric CST complex-associated genes STN1 and TEN1 participate in telomere maintenance. Stn1 and Ten1, which form a CST complex with Cdc13, are involved in telomerase recruitment (Nandakumar and Cech 2013) . EST2 encodes the core subunit of telomerase and is essential for the reverse transcriptase activity of the telomerase holoenzyme (Lingner et al. 1997) . The recruitment of Est2 was promoted by Cdc13 through Est1, another core subunit in telomerase. The telomere structure was found regulated by heat shock proteins (DeZwaan and Freeman 2010). However, the influence of these mutations to heat stress is unclear.
Pooled Segregant Analysis Revealed Causative Mutations for Htg þ
We used pooled segregant analysis (PSA) as a fast strategy to identify mutations with a strong impact on the Htg þ phenotype. In general, PSA aims to identify mutations with a high allele frequency (AF) associated with a specific phenotype that distinguishes between two segregants. In our case, we already identified the mutations in the evolved strains, and we anticipated a mutation to have a high AF in segregants tolerant to high temperature if it truly contributed to the Htg þ phenotype. Here, we chose the evolved strain E42Bc to do PSA with NGS resequencing. Briefly, we crossed E42Bc to strain P to create a backcross hybrid strain HY42Bc. We first identified segregants that could grow at 42 C to form a segregant pool and called it SP1. Then we used phenotype screening to obtain SP2: segregants that could grow at 41 C but not at 42 C; SP3: segregants that could grow at 40 C but not at 41 C; SP4: segregants that could grow at 39 C but not at 40 C; and SP5: segregants that grew as poorly as strain P or worse at 39 C (supplementary fig. S4 , Supplementary Material online). As the segregant pools were collected according to their phenotype, this approach may be called a phenotype-orientated pooled segregant analysis.
We analyzed the AFs of the segregant pools using next generation sequencing (supplementary fig. S5 , Supplementary Material online) and summarized the results in table 3. We used two criteria to define the association of a mutation to the Htg þ phenotype. First, a candidate mutation should have a high AF in SP1 (i.e., SP1-AF), which could grow at 42 C. Second, for a mutation with a strong impact on Htg þ , its AF should decrease from SP1 to SP5. In other words, we expect a correlation between AF and temperature (i.e., AF-SP correlation).
The two mutations SNF5-C2135A and HYM1-T758G had AF ¼ 1 in SP1 and their AFs decreased from SP1 to SP5 ( fig. 3a and table 3). SNF5-C2135A was genetically verified below to improve the Htg þ phenotype ( fig. 4a ). HYM1 encodes a component of the RAM signaling network, which is involved in the regulation of the cell cycle transcription factor Ace2p activity (Krysan et al. 2005) . The RAM signaling is also involved in the control of polarized growth, cell separation, MBE and cell integrity. As HYM1-T758G satisfied the two criteria, it may also be a strong mutation for Htg þ . However, as HYM1 is an essential gene and null mutant is haploinsufficient, it is difficult to conduct genetic validation of HYM1-T758G.
The three mutations ATP2-G1272T, UBP15-G229T, and CDC25-G1492T have a high AF in SP1 (SP1-AF ! 0.9) and their AFs showed a positive correlation with temperature ( fig. 3a and table 3). They could also be strong impact mutations for Htg þ . The SP1-AF was 0.997 for both ATP2-G1272T and UBP15-G229T, which was slightly <1, probably due to an experimental error such as contamination during segregant pool collection. ATP2-G1272T was supported by a previous study of another mutation on ATP2 that contributed to Htg þ (Caspeta et al. 2014 ) and by our observation of two other mutations, ATP2-G934T (E42Fc) and ATP2-G1099T (E42Fa). For UBP15-G229T (G77X), we have obtained experimental support: a knock-out mutant ubp15D showed better growth at 39.5 C than strain P ( fig. 4a ) (UBP15 codes for an ubiquitin-specific protease involved in protein deubiquitination; Bozza and Zhuang 2011). The SP1-AF of CDC25-G1492T was 0.91, substantially <1. Cdc25 is a positive regulator of RAS, a major component of Ras-cAMP signaling. Mutations in its negative regulator Ira2 were confirmed as Htg þ phenotype contributors (Parts et al. 2011) . As CDC25 is an essential gene, it is difficult to do genetic validation.
Although the AF of NTH1-116delC (G39fs) was only 0.708 in SP1, it showed a significant AF-temperature correlation. NTH1-116delC was the only mutation that evolved in both lineages B and F (i.e., parallel evolution). As described earlier, NTH1 encodes a trehalase, whose defect might result in accumulation of heat protecting solute trehalose. NTH1-116delC was a single nucleotide deletion in a six-nucleotide homopolymer region, which caused a frameshift at the 39th codon. And loss of NTH1 improved the Htg þ phenotype in the nth1D null mutant we created in strain P (fig. 4a) .
The AFs of DBP5-C440T, AXL1-C1548A, TEN1-G309T, and SIP4-1355delA were nearly constant (AF ¼ $0.5) across the five segregant pools ( fig. 3b and table 3 ), so they are unlikely associated with the Htg þ phenotype. The AF of HDA1-G87T was $0.33, because the duplication event of ChrXIV-524k brought an extra wild type allele of HDA1 into the E42Bc strain.
The three mutations PKH1-C440A, GCD11-C1243A, and STH1-A3869G had a high SP1-AF, but their AFs were not correlated with the segregant pools ( fig. 3c and table 3 ). We speculate that these mutations contributed to Htg þ only when the temperature was >41 C. Because GCD11 and STH1 were both essential genes, we tested our hypothesis only on PKH1-C440A. Noting that PKH1-C440A is a nonsense mutation, we did a partial knockout of PKH1 at nucleotide position 440. As expected, pkh1D showed no improved Htg þ at 39.5 C ( fig. 4a ) when it was introduced into strain P. Furthermore, fitness costs were observed when it was introduced into E40B and E41B (supplementary fig. S6 , Supplementary Material online). In contrast, when the wildtype PKH1 gene was introduced into E42Bc, which carried the PKH1-C440A mutation, the Htg þ phenotype was clearly reduced (supplementary fig. S6 , Supplementary Material online). This result suggests that PKH1-C440A was beneficial for growth at 42 C, though not for lower temperatures. 
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Segmental Duplication/Deletion Events in Evolved Strains
As a segmental duplication/deletion in a genome can sometimes lead to rapid adaptation (Adams et al. 1992; Koszul et al. 2004 ), we investigated duplication/deletion events in our evolved strains. Using the CNV discovery tool CNV-seq (Xie and Tammi 2009), we calculated copy number differences between the parental and the evolved strains. We identified 12 chromosomal regions that showed duplication or deletion in the evolved strains (supplementary table S5 , Supplementary Material online) and three of them were validated by relative quantitative PCR (supplementary fig. S7 , Supplementary Material online). Among the identified CNV events, one 44 kb segment on ChrIII (ChrIII-124k) flanked by two Ty1 long terminal repeat (LTR) genes (YCRCdelta6 and YCRWdelta11) was found triplicated in E42Ba and duplicated in both E42Bb and E42Bc, respectively. This is consistent with the previous observations (Yona et al. 2012; Caspeta et al. 2014 ) that a whole chromosome duplication or a large segmental duplication of ChrIII was associated with Htg þ in a yeast evolved at 39
C. However, more copy number variants were found within this region. We also discovered a shorter (17 kb) duplication (ChrIII-151k) in E40B and E41Fc (flanked by YCRWdelta10 and YCRWdelta11), suggesting that the duplication events evolved independently in lineages B and F. This 17 kb duplicated segment includes several genes that could have contributed to the Htg þ phenotype, such as HSP30 which encodes a negative regulator of H-ATPase that decreases ATP consumption under heat stress (Piper et al. 1997) .
A 3,453-bp segment on ChrVII harboring the whole KEX1 gene was found deleted in E38B, E40B, E42Ba, E42Bb, and E42Bc (ChrVII-111k). This segment was flanked by two Ty1 LTR genes (YGLWdelta2 and YGLWdelta3) and was deleted at 38 C and persisted throughout lineage B. KEX1 encodes a cell death protease and is essential for hypochlorite-induced apoptosis in yeast (Carmona-Gutierrez et al. 2013 ), but it has not been reported before to be associated with the Htg þ phenotype. We found that a complete knockout of kex1 indeed improved the Htg þ phenotype (shown later). Losing a large fragment or the entire mitochondrial (mt) genome (rho À or rho 0 mutant) can be induced by many factors including high temperature (Heude et al. 1979; Jimenez and Benitez 1988) . Although Some studies showed rho mutants with temperature sensitive growth (Bolotinfukuhara et al. 1977; Zubko and Zubko 2014) , rho 0 mutant was reported to be more resistant than rho þ to an extreme heat shock at 52 C for 12 min (Traven et al. 2001) . Similarly in our evolution under increasing temperatures, we found that all six terminal strains lost their mt genome at 42 C. In addition, whole genome sequencing revealed relatively lower coverage depth on ChrM (Log 2 ratio to wild type ffi À7.5) for E41Fa, suggesting that elevation of temperature to 41 C or higher may induce loss of the mt genome. Consistent with these results, the six terminal strains and E41Fa failed to use a nonfermentable carbon source (3% glycerol) for growth, suggesting defects in respiration growth of these evolved strains (supplementary fig. S8 , Supplementary Material online).
We further investigated the association between the CNV events of E42Bc strain and the Htg þ phenotype. In the pooled segregant analysis, we observed an almost 2-fold increase in read coverage (log2 ratio of the read counts to strain P) in the ChrIII-124k and ChrXIV-524k CNV events in SP1 (fig. 3d) . The read coverage of the ChrXIV-524k duplication showed a large drop from SP1 to SP2 and then stayed more or less constant from SP2 to SP5. Thus, this duplication might be beneficial to MBE Htg þ only in SP1, but not in the other segregant pools. The coverage of the ChrIII-124k was $2-fold (log2 ratio ¼ 1) and decreased from SP1 to SP5, satisfying the two criteria for a causal Htg þ mutation. A total of 32 genes were included in the ChrIII-124k duplication, including HSP30. We introduced an extra copy of HSP30 into strain P, E40B, and E41B, but found no positive effect (data not shown). Further experiments on other genes in this duplicated segment need to be conducted for other genes involved in Htg þ . We also observed the deletion ChrVII-111k and found its coverage decreased most in SP1 and increased with the segregant pools from SP1 to SP5 (fig. 3e) . As mentioned earlier, ChrVII-111k included the KEX1 gene. We knocked out the KEX1 gene in strain P and found that the Htg þ phenotype was improved (fig. 4a ). The effect of the ChrVII-111k deletion was thus likely due to the deletion of KEX1. The loss of mitochondrial chromosome, that is, ChrM-loss, was found only in SP1, suggesting that it might only be beneficial at 42 C. This result was consistent with the observation that ChrMloss can be found in all six terminal evolved strains and showed low read coverage in the intermediate strain E41Fa but not in the other early intermediate strains.
To summarize, through phenotype-orientated PSA analysis, we found that six strong impact mutations (SNF5-C2135A, NTH1-116delC, ATP2-G1272T, CDC25-G1492T, HYM1-T758G, and UBP15-G229T), three weak impact mutations (PKH1-C440A, GCD11-C1243A, and STH1-A3869G), and four CNV events (ChrIII-124k, ChrXIV-524k, ChrVII-111k, and ChrMloss) were likely associated with the Htg þ phenotype of the evolved strain E42Bc.
Experimental Tests of Mutations in Subunits of the SWI/SNF Complex
As described earlier, multiple mutations in the subunits of the SWI/SNF complex were observed in all six terminal clones, including the nonsense mutations SNF5-C2135A (S712X) and SWP82-A1273T (K425X) and the nonsynonymous mutations SWI3-C1073G (P358R) and SWI1-973 (K973N) ( fig. 2 and Supplementary Material online). Therefore, we tested if some of these mutations contributed to the Htg þ phenotype. Because it is more complicated to conduct genetic tests on SWI1 (an essential gene), we investigated only the remaining three mutations (SNF5-C2135A, SWI3-C1073G, and SWP82-A1273T). Mutants carrying SNF5-C2135A, SWI3-C1073G, or SWP82-A1273T were created in strain P by substituting each of these mutant genes for the corresponding gene in strain P. Compared with strain P, the survival of each single mutant was significantly improved at 39.5 C and 40.5 C ( fig. 4b ), although the improvement by SWP82-A1273T was not as strong as the other two mutants. The doubling times of these three mutants were significantly shorter than that of strain P (supplementary table S6, Supplementary Material online) at 39 C, although longer at 30 C. Thus, each of the three mutations contributed to the Htg þ phenotype, while there might be a fitness cost at 30 C. We then created three double mutants, but they did not show significant improvement over the single mutants SNF5-C2135A and SWI3-C1073T at 39.5 or 40.5 C ( fig. 4b ). This result suggested that multiple mutations in the same protein complex might have similar impacts on Htg þ ; however, their effects were not cumulative.
Combination of nth1D, kex1D, and Truncated Snf5p Is Sufficient for Growth at 40.8 C
In the above, we have observed three mutations in E42Bc that emerged early in our experimental evolution ( fig. 2a ): 1) a single nucleotide deletion within a homopolymer of six cytosine bases in nth1-116delC that caused a frameshift at the 39th codon, leading to a peptide of only 58 a.a. instead of 751 a.a.; 2) a nonsense mutation SNF5-C2135A, which led to a truncated protein consisting of 711 a.a. instead of 906 a.a.; and 3) a 3,453-bp deletion on ChrVII harboring the whole KEX1 gene. We investigated the Htg þ effects of SNF5-C2135A, nth1D, and kex1D singly or jointly on the parental strain P. The growth of each single mutant was improved at 39.5 C ( fig. 4a ), 40.5 C, and 40.8 C ( fig. 4c ) compared with strain P. All three double mutants grew better than the three single mutants at 40.5 C. Most interestingly, the triple mutant SNF5-C2135A/nth1D/kex1D grew even better than the three double mutants at 40.5 and 40.8 C ( fig. 4c ). In conclusion, the effects of SNF5-C2135A, nth1D, and kex1D, on the Htg þ phenotype were cumulative, and the combination of these three mutations can account for the Htg þ phenotype at least up to 40.8 C. E38B was found to carry the above three mutations and, in addition, the mutation NUP85-T730A and the segmental deletion ChrXIII-192k (supplementary table S5, Supplementary Material online). Interestingly, E38B grew only as well as or just slightly better than the triple mutant SNF5-C2135A/ nth1D/kex1D, suggesting that the mutation NUP85-T730A and the segmental deletion had no or little effect on the Htg þ phenotype. Indeed, the pooled-segregant analysis suggested that the persistence of NUP85-T730A at 42 C was due to its linkage to ATP2-G1272T, that is, a hitchhiking (see Discussion).
Validation of Mutations in Lineage F
Although we were unable to do PSA for strains in lineage F because of the mating defect in all evolved strains and intermediate strains of F lineage, there were several candidates worthy of experimental validation. Three nonessential genes with loss-of-function mutations, YPS7-T656A (L219X), CRZ1-G1441T (E481X), and LRG1-1403insA (K468fs), were chosen for partial knock-out experiments in strain P. The function of Lrg1 was mentioned earlier. CRZ1 encodes for a transcription factor downstream of calcineurin for cellular responses to various chemical and environmental stresses including temperature (Thewes 2014) , whose signaling pathway cross-talks to the high osmolarity glycerol (HOG) pathway and the Rho1-Pkc1-dependent cell wall integrity pathway (Zhao et al. 1998; Shitamukai et al. 2004; Maeta et al. 2005) . Deletion of CRZ1 impaired the Htg þ phenotype in yeast Candida glabrata at 40 C (Chen et al. 2012) . YPS7 encodes for a putative GPI anchored aspartic protease and a member of the yapsin family involved in cell wall growth and Experimental Evolution of Yeast for High-Temperature Tolerance . doi:10.1093/molbev/msy077 MBE maintenance (Krysan et al. 2005) . We found that all three of these mutants grew better than strain P at 39.5 C ( fig. 4a ) and as well as NCS2-A212T, which is a Htg þ -associated mutation identified in a clinical strain (Sinha et al. 2008 ).
Discussion
In this study, our microevolutionary process through stepwise increments of temperature allowed a yeast strain to accumulate mutations to alleviate fitness impairment at high temperatures and finally to be able to survive and grow at 42 C. The mutations accumulated included SNVs, INDELs, and segmental duplications/deletions. Many of the mutations potentially related to the Htg þ phenotype are reported here for the first time.
We observed parallel mutations in three genes (NTH1, NCS2, and SNF1) and multiple mutation events in eight genes (supplementary table S3, Supplementary Material online). As there are 6,604 ORFs (genes) in the yeast genome, the probability to find two mutations on the same gene in two specific strains is small. For example, there were ten mutations that altered the protein coding sequence in E42Ba and 12 mutations in E42Bb or E42Bc since their divergence from E41B. So the probability to find a CDC25 mutation in E42Ba and another in E42Bb or E42Bc is (10/6,604)Â(12/6,604)Â6,604 ¼ 0.018 (supplementary table S3, Supplementary Material online). Therefore, it is significant to find a CDC25 mutation in E42Ba and another in E42Bb or E42Bc. In comparison, the probability to find the same nonsynonymous mutation in two specific lineages (i.e., a parallel mutation) is even smaller because it has to occur at the same nucleotide site in the two lineages, and because the number of nonsynonymous sites (6,886,500, supplementary table S2, Supplementary Material online) is much larger than the number of genes in the yeast genome. For example, the total number of observed amino acid-changing mutations was 88 and if we split it equally between the B and F lineages, the probability for the same mutation to occur in the B and F lineages is (44/ 6,886,500)Â(44/6,886,500)Â6,886,500 < 0.0003. For any of the other cases, the number of nonsynonymous mutations was <88 and so the probability is even smaller. Therefore, many of those genes with parallel or multiple mutations might have contributed to Htg þ during the evolution under prolonged heat stress.
Multiple mutations were also observed in several signal induction pathways and protein complexes. In the Pkc1-mediated cell wall integrity pathway ( fig. 5a ), multiple mutations were found in STT4 and LRG1 as discussed earlier and single mutations were found in EFR3 and PKH1 (see Supplementary Material online). While Efr3 directly interacts with Stt4 to initiate signaling upstream of Pkc1 (Harrison et al. 2004 ), Pkh1 directly regulates Pkc1 by phosphorylation (Roelants et al. 2002) and Lrg1 negatively regulates Pkc1's activator Rho1. Pkc1-mediated cell integrity pathway can be triggered by several stresses including nutrient depletion, hypotonic stress, and high-temperature shock. Similarly, in the Ras-cAMP pathway ( fig. 5a ), multiple mutations were found in its regulator CDC25. Mutations in IRA2 and CYR1, two crucial components of the RAS-cAMP pathway, suggesting that altering the signaling transduction of RAS-cAMP is important for Htg þ . Among them, IRA2 was previously found as an Htg þ phenotype contributor (Parts et al. 2011) . We summarized in figure 5a the RAS-cAMP signal transduction network and Pkc1-mediated signaling with another well-studied stress response pathway, that is, the Hog1-mediated high osmolality glycerol response pathway (Winkler et al. 2002) regulated by Ste11 whose defect may also cause sterility of strains in lineage F (Chaleff and Tatchell 1985) . The previous network was programmed to respond to various kinds of stress in yeast, including osmotic stress, nitrogen, and carbon starvation, and cell integrity stress (Verna et al. 1997; Smith et al. 1998; Harrison et al. 2002 Harrison et al. , 2004 Winkler et al. 2002) . The summary in figure 5a shows a total of 12 amino acidchanging mutations in nine genes in this stress response network: STE11, IRA2, CDC25, CYR1, PKH1, STT4, EFR3, LRG1, and CRZ1. Our data demonstrate that genetic changes in this stress response network during evolution might have contributed to prolonged thermotolerance. Figure 5b shows the mutations in the same protein complex or in different complexes with similar functions. Besides the SWI-SNF complex, the ATP synthase and the telomeric CST complex described earlier, three genes (NUP85, GLE1, and DBP5) that are related to the nuclear pore complex (NPC) or participate in mRNA export from the nucleus to the cytosol (Alcazar-Roman et al. 2006) were characterized as a functional group (supplementary table S4, Supplementary Material online). Moreover, LOS1, a tRNA transport-associated gene (Murthi et al. 2010) , was found mutated. In addition, TOM1, UBA3, UBC9, and UBP15 are associated with ubiquitin, ubiquitin-like modification or deubiquitination. TOM1 encodes histone E3 ubiquitin-protein ligase (Singh et al. 2009 (Singh et al. , 2012 . UBA3 encodes an NEDD8 E1 conjugating enzyme (Walden et al. 2003) , while UBC9 encodes an E2 SUMO-conjugating enzyme (Schwarz et al. 1998 ). Both ubiquitin and NEDD8 modification(s) may lead the target proteins to proteasome-mediated degradation, while sumoylation may regulate protein stability or subcellular localization. UBP15 encodes an enzyme required for deubiquitination of mono-and polyubiquitinated protein (Layfield et al. 1999) . UBP15 was shown to be associated with Htg þ by either PSA or genetic manipulation. However, mutations TEN1-G309T in CTS complex, TOM1-G1732T in ubiquitin-associated pathway, and NUP85-T730A and DBP5-C440T in nuclear pore complex, all showed low AF in SP1 and no AF-segregant pool correlation (table 3), suggesting that these mutations were not directly associated with Htg þ . Oxidative stress or ROS is one of the factors that causes fitness impairment under high temperature. Mutations on Ftype ATPase subunit genes ATP2 and ATP3 were reported in a study of yeasts evolved at 39.5 C for 300 generations (Caspeta et al. 2014 ). The study concluded that an optimal Htg þ phenotype could only arise through evolution without fully functional oxidative respiration and speculated that ATPase is the major source of ROS or oxidative stress. Similarly, we also observed mutations in mitochondrial Ftype ATPase subunit genes ATP2, ATP3, ATP5, and ATP7 in Huang et al. . doi:10.1093/molbev/msy077 MBE our terminal evolved strains (table 2 and fig. 5b ). Furthermore, it was reported that oxidative stress weakens membrane stability or affects the modulation of membrane composition at high temperature (Steels et al. 1994) . With the increase of heat stress, we observed losses of mitochondria in these Htg þ strains (supplementary table S5, Supplementary Material online). It has been reported that respiratory-deficient strains or petite strains lost their complete mitochondria under longterm incubation at 40 C (Sherman 1959 ). However, no similar event was reported in strains evolved at 39 C, suggesting Nandakumar and Cech (2013) , and Wickramasinghe, et. al. (2015) .
Experimental Evolution of Yeast for High-Temperature Tolerance . doi:10.1093/molbev/msy077 MBE that the loss of mitochondria might be triggered when the temperature is higher. These results implied that under heat stress, impaired oxidative respiration may reduce ROS and increase thermotolerance. Moreover, strains may eliminate their mt genome to become respiratory-deficient as another undesirable trade-off in order to survive in an even more stringent environment. Possibly, epistasis of other mutations may also be involved as loss of mt genome might cause a strain to become sensitive to heat (Bolotinfukuhara et al. 1977; Zubko and Zubko 2014) . Our pooled segregant study suggested three cases of hitchhiking. Mutation MNS1-C979A showed a high AF in SP1 and a significant correlation between AF and temperature (table 3) . However, this might be because MNS1-C979A was only 19 kb away from ATP2-G1272T, which has been found above to be an Htg þ mutation. In yeast, a distance of 1 kb is equivalent to $0.17cM , so the genetic distance between MNS1-C979A and ATP2-G1272T is only $3.36 cM. We note that the slope of the AF curve of MNS1-C979A from SP1 to SP5 was similar to that for ATP2-G1272T (supplementary fig. S9A , Supplementary Material online), however, the AF-SP1 of MNS1-C979A was lower. Thus, MNS1-C979A was likely a hitchhiking mutation of ATP2-G1272T. In addition, although YBR242W-T232C and VIP1-C1148A showed significant AF-SP correlation (table 3), in either case the slope of the AF curve across the segregant pools was mild (supplementary fig. S9B and C, Supplementary Material online) and their AF-SP1 was only 0.631 or 0.668. Thus, YBR242W-T232C and VIP1-C1148A are likely hitchhiking mutations of SNF5-C2135A and CDC25-G1492T, respectively.
Several studies have found natural genetic variants that contributed to heat tolerance (Steinmetz et al. 2002; Sinha et al. 2006 Sinha et al. , 2008 Parts et al. 2011; Cubillos et al. 2013 ). However, among these studies only Sinha et al. (2008) shared one identical mutation with our experimental evolution study, that is, a mutation on NCS2 (Sinha et al. 2008) . In addition, the two approaches also found two mutations on each of IRA2 and CYR1, which are involved in the RAS-cAMP signaling pathway (Parts et al. 2011; Cubillos et al. 2013) . All other natural variants identified for thermotolerance were not found in our experimental evolution, including those variants on MKT1, a gene for a nuclease associated with DNA replication stress, RHO2 and RHO4, two genes each encoding a small GTPase in the Rho/Rac family of Ras-like proteins, END3, a gene involved in endocytosis, VPS53, which encodes a protein associated with vacuolar protein sorting, DBP7, which encodes a DEAD-box family RNA helicase, and RPS21A, which encodes the 40S ribosomal subunit (Maclean et al. 2017) . On the other hand, except for the above-mentioned mutations on NCS2, IRA2, and CYR1, all of the mutations identified in this study were different from natural genetic variants for thermotolerance. The discovery of so many natural genetic variants and lab-accumulated mutations for heat tolerance suggests a great mutational spectrum for heat tolerance.
In summary, our strategy of experimental evolution using stepwise elevation of temperature led to efficient accumulation of mutations that may contribute to Htg þ . A total of 153 mutations, including 123 SNVs, 18 short INDELs, and 12 large fragmental deletion/duplication events, were discovered in the evolved strains. Our data also revealed protein complexes and signaling pathways that may be involved in Htg þ phenotype development, particularly multiple mutations in the subunits of SWI/SNF complex found in different evolved strains. Through pooled segregant analysis, we confirmed nine mutations and four CNV events that were likely Htg þ causative mutations. Among these 13 mutation events, we found that a combination of mutations NTH1, SNF5, and KEX1 is sufficient for a genetically manipulated yeast to grow at 40.8 C.
In conclusion, our study provided valuable data for a better understanding of the molecular and genetic basis of prolonged thermotolerance.
Materials and Methods
Yeast Strains
The yeast strains used in this study are listed in supplementary table S7, Supplementary Material online. Saccharomyces cerevisiae BY4741, a S288C derived strain was used as the parental strain P for microevolution. To generate a knockout strain, the partial or complete open reading frame was replaced by URA3 or KanMX4 gene via homologous recombination. For gene swapping, the knockout strain was knocked in with the mutant PCR fragment amplified from the evolved genome via 5-FOA counter selection for ura3 À clones (Langle-Rouault and Jacobs 1995). Transformation was mainly by the electroporation method following the manual of Gene PulserXcell Electroporation System (Bio-Rad, CA). In short, 5 ll linear DNA ($1 lg PCR product) or 200 ng plasmid were transformed into 40 ll competent cells prepared from 3-ml overnight culture. For constructing a double knockout/ mutation strain, two single mutants were crossed to create a heterozygous diploid, and then the diploid was sporulated to acquire haploid segregants carrying both mutations. The genotypes of the segregants were screened by PCR for knockout mutation, with confirmation by Sanger sequencing.
Experimental Evolution
Strain P was used as our parental strain for evolution in the lab. In the beginning, nine replications (parallel lineages) were set up each from three individual colonies in 50 ml YPAD flask culture without any antibiotic supplement. The cultures were first incubated at 37 C with orbital shaking at 250 rpm to grow from OD 600 of 0.05 to about 1.6 $ 3.2. Then the cells were subcultured into a new flask containing 50 ml fresh medium to start another transferring cycle at OD 600 of 0.05. After the cycles of transfer specified in figure 1 , the temperature was elevated in increments of 1 or 0.5 C in a stepwise manner until reaching 42 C. The total number of generations of the evolved strains was estimated by the summation of the numbers of OD doublings between two subculturing transfers when we conducted the experimental evolution.
Htg
þ Phenotype Assay
All the tested strains were grown at 30 C overnight, subcultured into fresh YPAD medium to OD 600 of 0.1, and then Huang et al. . doi:10.1093/molbev/msy077 MBE allowed for growth for another 6 h. The cultures were adjusted to OD 600 of 0.5 and diluted by 10-fold serial dilutions. About 5 ll of each dilution was spotted onto YPAD plates. Plates were sealed with polyvinyl chloride (PVC) tape, and directly immersed into temperature-controlled water bath for the designated temperature and days as indicated. One replicate of the spotted plate was incubated at 30 C air chamber for two days as control.
Whole Genome Sequencing and Mutation Identification
Genomic DNA samples of six single colonies from the evolved B lineage (E38B, E40B, E41B, E42Ba, E42Bb, E42Bc), eight single colonies from the evolved F lineage (E38F, E40F, E41Fa, E41Fb, E41Fc, E42Fa, E42Fb, E42Fc), and the parental strain P were isolated using QIAGEN Blood and Cell Culture DNA Kit (#13343, QIAGEN, Germany) and Genomic DNA Buffer Set (#19060, QIAGEN, Germany). The DNA samples were subjected to whole genome sequencing using Illumina HiSeq 2000 (Illumina, CA) with the pair-end 2 Â 100 bp format (except E38B, which was sequenced on Illumina HiSeq 2500 with the 150-bp pair-end format). The workflow was summarized in supplementary figure S10, Supplementary Material online. The raw reads were processed by Trimmomatic (version 0.30) (Bolger et al. 2014) to remove the adaptor sequence and lowquality bases. The reads shorter than 80 bp after trimming were discarded. The processed reads were mapped to the S. cerevisiae reference genome UCSC version sacCer3 (GCF_000146045.2) with two different aligners BWA (version 0.6.2) (Li and Durbin 2009) and Bowtie2 (version 2.1.0) (Langmead and Salzberg 2012) for discovering congruent SNVs (Altmann et al. 2012) . The GATK package (version 2.5) (DePristo et al. 2011 ) was applied to remove potential sequencing errors and to recalibrate the alignment quality score as referred to the reference (Altmann et al. 2012) . The variants were finally called by SAMtools (version 0.1.18) (Li et al. 2009; Li 2011 ) with default parameters. The SNVs congruently detected by both aligners were subjected to functional analysis. We selected 20 SNVs for Sanger sequencing and determined that all 20 SNVs were correctly called. All the detected SNVs were further visualized with IGV (version 2.3.40) (Robinson et al. 2011 ) to confirm their occurrences in the evolved and parental strains; however, nine SNVs, including one substitution mutation, three short deletions, and five short insertions, were identified in one or more of the evolved strains at the first time, and were considered as false negatives in the other strains, but eventually visualized by IGV (see Supplementary Material online, asterisked). Two of the cases (NTH1-116delC and SIP4-1355delA) were further confirmed by Sanger sequencing. Genes with mutations were further classified into functional groups by DAVID (version 6.7, https://david.ncifcrf.gov/; last accessed April 25, 2018) (Huang et al. 2007; Huang da et al. 2009 ).
We used CNV-seq (Xie and Tammi 2009 ) to detect segmental duplication/deletion events longer than 1 kb in the evolved strains and compared them to the parental strain. Several CNVs were validated for the E42Bb strain by applying relative quantitative real-time PCR to its genomic DNA (supplementary fig. S7, Supplementary Material online) . The number of mutations per base per genome replication was calculated as "substitutions divided by the reference genome length," and then further divided by accumulated generations estimated from the OD doubling (Lynch et al. 2008) .
For pooled segregant analysis, five segregant pools with two biological replicates (ten samples in total) were subjected to whole genome sequencing using Illumina MiSeq (Illumina, CA) with the pair-end 2 Â 150 bp format. Sequencing reads were processed with the same workflow (supplementary fig.  S10 , Supplementary Material online) except using only BWA for genome mapping. The high-quality output reads provided an expected 110-to 755-fold genome coverage across the ten samples. Over 99% of the reference genome was covered after mapping the reads to the S. cerevisiae reference genome S288C (Version R64-1-1) (supplementary table S1, Supplementary Material online). After variation calling, the allele frequency of the mutated site was calculated in altered read counts divided by total read counts. The CNV-seq tool was used to determine the fold change in copy numbers at the location of the discovered CNV events.
Estimation of Growth Rate for Htg þ Mutants
For estimating the growth rate of the genetic manipulated mutants at 30 C, overnight cultures of the tested strains were diluted into fresh medium to concentration of OD 600 ¼ 0.1. About 100 ll of the inoculated culture of each tested strain was transferred into a 96-well microtiter plate and incubated at 30 C. The cell density of the culture was measured every hour. Two independent experiments in different days were performed using three cultures from independent colonies of each tested strain. For the growth rate estimation at 39 C, 30 C overnight cultures of the tested strains were diluted into fresh medium at 1:60 and incubated at 39 C in water bath shaker (180 rpm) for 14 h. The cultures were then subcultured into 3 ml of fresh medium to OD ¼ 0.1 and incubated at 39 C water bath shaker (180 rpm). The cell density of 100 ll culture was measured hourly by the microtiter plate reader for growth curve plotting and doubling time calculation. The slopes were calculated from the log 10 -transformed OD values between two adjacent time points from T6 to T12 hr. The doubling time was calculated as log 10 2 divided by the linear regression of these slopes.
Backcross and Sporulation
The parental strain P is a HO-knockout MATa haploid yeast. In order to carry out backcross experiments for the evolved strains and the modified strains, we changed the mating type of strain P to MATa in advance by following the method of (Herskowitz and Jensen 1991) . For backcross experiments, the tested strains were patched together with the MATa strain P and incubated at 30 C for 2 days. Single colonies were streaked out from the mating patch, and then the mating type of the candidate backcross hybrids was determined by mating type tester strains and validated by mating typespecific PCR (Huxley et al. 1990 ). For random sporulation, diploid yeasts were patched and then transferred into 2% Experimental Evolution of Yeast for High-Temperature Tolerance . doi:10.1093/molbev/msy077 MBE potassium acetate sporulation medium and then incubated at 25 C for 7 days. About 2 O.D. cells were harvested and treated with zymolyase mixture at 37 C for 2 min containing zymolyase 0.5 U/ll (Zymo Research, CA), 100 mM sodium dihydrogen phosphate (Sigma-Aldrich, MO), and 1.2 M sorbitol (Sigma-Aldrich, MO). About 1 ml of ice-cold water was then added to stop the reaction. One 3 mm diameter distilled glass bead was added into the microtube, and vortex 10 s for 6 times. About 200 ll of undiluted random spore mixture was used for 42 C segregants selection and 200 ll of 100-fold diluted mixture was used for phenotype-orientated segregant pools collection.
Collection of Segregant Pools
We first created the mating hybrid strain HY42Bc with the cross between E42Bc and the parental strain P as our starting PSA strain (supplementary fig. S4 , Supplementary Material online). Initially, we obtained no viable colonies at 42 C, even with random spore plating. Since it is possible that the mutations associated with cell wall defect may cause the zymolyase-treated spores fail to germinate at high temperature, we solved the problem by allowing a recovery procedure of 5 h at 30 C incubation before subjecting the segregants to 42 C selection. Then we could successfully select segregants that could tolerate up to 42 C. The segregants which survived and grew at 42 C after 7 days with colony diameter >0.5 mm were picked up and transferred onto a fresh plate in an equally appropriate distance from each other. The plates were duplicated onto the mating type tester strain to distinguish and select for haploid segregants. We found that all the selected segregants were haploid. All the segregants were then subjected to a Htg þ phenotype assay together with the E42Bc strain. Those segregants showing a weaker phenotype than the E42Bc were discarded. The segregants showing Htg þ phenotype undistinguishable from E42Bc were regrown overnight at 30 C before they were preserved as frozen stock individually in 96-well plate. Equal amount of individually grown segregants were pooled together in a 50-ml tube as the segregant pool SP1.
For the collection of the other four phenotype-orientated segregant pool (SP2 to SP5), randomly sporulated segregants were spread out on YPAD plate following with diethyl ether vapor treatment for 15 min to enrich the number of haploid segregants (Dawes and Hardie 1974) . After incubation at 30 C for 2 days, the colonies were transferred onto a fresh plate for mating type test as described earlier. The colonies showed no response to the mating type tester strains were discarded. The haploid segregants were stored at À80 C. To determine the Htg þ phenotype for segregants, we designed an Htg þ phenotype screening process. In short, 1 ll of frozen cells of every segregant were first revived in 250 ll YPAD medium by incubation at 30 C overnight in 96-well deep well plate. About 5-ll culture was then transferred into 250 ll fresh medium for another 7.5-h incubation at 30 C. Cell density was measured using a plate reader. All the segregants were further diluted to about 0.5 O.D/ml and then was further diluted by 100 folds. About 5 ll of diluted solution was spotted as five replicates onto 86 mmÂ128 mm rectangle one well plate (#242811, Nunc, NY). Each of the five replicates was sealed with PVC tape and immersed into water bath of temperature at 39, 40, 41, and 42 C for 2-3 days except one placed in 30 C incubator for 2 days. According to the Htg þ phenotype screening results, segregants were revived and regrown from À80 C again and were collected as segregant pools SP2, SP3, SP4, and SP5.
One biological replica for each of the five pools was performed as well starting from an independent mating hybrid clone. In total, there were ten samples of five segregant pools collected and were denoted as SP1: segregants survived and grew well at 42 C extreme selection; SP2: segregants grew well at 41 C in phenotype screening; SP3: segregants grew well at 40 C but not at 41 C; SP4: segregants grew well at 39 C but not at 40 C; and SP5: segregants grew as poorly as strain P or worse at 39 C. The number of segregants used in each pool is listed in supplementary table S8, Supplementary Material online. Genomic DNA of the segregant pools were isolated for next generation sequencing using the same method for the single clones as described earlier.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
